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Abstract 
Microwave pyrolysis of lignocellulosic materials (cellulose, lignin, xylan, white 
birch) were investigated at the relatively low temperatures of 200-300 
o
C and low power 
of 300 W. Effects of temperature, microwave absorber (activated carbon and water), 
closed/open microwave, and cellulose crystallinity on yield and product distribution were 
examined. Microwave results were compared with higher temperature (250-475 
o
C) 
conventional pyrolysis using pyrolysis-gas chromatography. Results from both 
microwave and conventional method revealed that increasing temperature produced more 
bio-oil at the expense of biochar. Bio-oil yields with microwave pyrolysis from cellulose, 
xylan and white birch at 260 
o
C were 45%, 47%, and 17%, respectively, while lignin 
required microwave heating up to 280 
o
C to give only 4% yield. Torrefaction improved 
the quality of bio-oil but also increased the biochar yield while reducing bio-oil. High 
yields of useful levoglucosan were obtained from microwave pyrolysis of amorphous 
cellulose. Addition of the adsorbent water increased bio-oil production by 25%.  
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1.1. Lignocellulosic feedstocks and its chemistry 
Industrial pyrolysis relies on lignocellulosic feedstocks which are the biomass 
from terrestrial plants, mainly consisting of cellulose, hemicellulose and lignin [1]. There 
are several sources of lignocellulosic feedstocks including forest woody material, 
agricultural residues, herbaceous matter, and municipal solid wastes. The most abundant 
lignocellulosic feedstocks in Canada are forest feedstocks which can be divided into 
hardwood and softwood. Conifers and gymnosperm such as pine, cedar, spruce, cypress, 
fir, hemlock and redwood are soft woods while deciduous and angiosperm trees such as 
poplar, willow, oak, cottonwood, and aspen are hardwoods. Compared to hardwood, the 
growth of softwood is faster, however its density is lower [2]. Lignocellulosic materials 
have a variable composition consisting of 35–50% cellulose, ≤ 35% hemicelluloses, and 
5–30% lignin, depending on the plant species [3]. 
Cellulose is a natural polymer consisting of a large number of glucopyranose units 
(~10,000 units in wood) which are connected via positions C1 and C4, as shown in Figure 
1.1. The average number of these units is called the degree of polymerization which is 
variable depending on the cellulose source [4]. Cellulose contains a high number of 
hydroxyl groups which have a role in the formation of hydrogen bonding along the same 
chain (intramolecular linkages) or hydrogen bonds between adjacent chains 
(intermolecular linkages). Intramolecular linkages strengthen the structure of each 
cellulosic chain while intermolecular linkages form the supermolecular structure which 
greatly affects the crystalloid arrangements in the cellulosic structure [5]. The degree of 
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cystallinity affects not just its physical and chemical properties such as accessibility for 
derivatization, swelling, and degree of hydration but also its pyrolysis pathway which 
will be described in Chapter 2, the microwave pyrolysis of cellulose.  
 
                             Figure 1.1: Chemical structure of cellulose. 
 
The hemicellulose bio-polymer consists of some of the following sugars, 
depending on its source: xylose, arabinose, mannose, glucose, galactose, and acetylated 
sugars. For example, hemicelluloses from straw, grass and hardwoods are rich in xylan 
(Figure 1.2) while those from softwood are rich in glucomannan. These polymeric units 
are not connected in a linear fashion, but form branched shapes with little homogeneity 
[6].  
Hemicelluloses have much more complex structures than cellulose and can also 
form non-covalent bonding to cellulose [7]. Moreover, they can be described as being 
branched polymers with smaller molecular weights than cellulose and undergo acid 
hydrolysis easier than cellulose [8]. 
 
4 
 
 
Figure 1.2: Arbinoxylan-based hemicellulose [9].  
Another component of lignocellulosic materials is lignin which is a polymer made 
up of three major phenolic units: p-coumaryl alcohol, coniferyl alcohol, and sinapyl 
alcohol (Figure 1.3). The bio-synthesis of lignin starts with two enzymes found in plants: 
peroxidase and laccase which dehydrogenate the hydroxyl group of phenolic compounds 
to form free radicals. The interactions between numerous free radicals form the branched, 
three-dimensional structure of lignin [10]. Although lignin is produced in hardwoods, 
softwoods, and grass, lignin from grasses is of greater importance for chemicals 
production due to its annual renewability and productivity of large amounts of lignin-
based feedstocks (~1.6 x 10
9
 tons/year). Lignin is connected with cellulose and 
hemicellulose to form a complex network where bonding between lignin and 
hemicellulose occurs via covalent bonds [11]. It is believed that hemicellulose has a role 
in enhancing the interconnection between lignin and cellulose [12].
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Figure 1.3: Monomeric units in lignin: A: p-coumaryl alcohol; B: coniferyl alcohol and 
C: sinapyl alcohol.  
 
Separation of lignin from lignocellulosic materials can be achieved by two 
common methods: 1) acid hydrolysis whereby cellulose and hemicellulose are dissolved 
while lignin remains as the insoluble solid, and 2) dissolution of lignin by kraft, or sulfite 
pulping or by organosolv (methanol at moderate temperature) while cellulose and 
hemicellulose remain insoluble [13].  
Due to the increase of fossil fuel consumption and the resulting air pollution, as 
well as the limited supply of crude oil, concerted efforts have been made to find a green 
and renewable source of energy and chemicals. Lignocelluosic materials are an important 
feedstock for this [14]. Chemicals such as furfural and levulinic acid are just two 
examples of platform chemicals that can be produced leading to several applications 
including the food and pharmacy industry [15].  This thesis deals with the production of 
both bio-fuels and chemicals derived from the thermoconversion (microwave pyrolysis) 
6 
 
of lignocellulosic materials and its isolated components (lignin, cellulose and 
hemicellulose. 
 
1.2. Pyrolysis of biomass 
1.2.1.  Conventional Pyrolysis   
Pyrolysis is the thermochemical conversion of biomass (including wood, grasses, 
peat and lignocellulosic wastes from agriculture and food industries) in an inert 
atmosphere [16]. Conventional pyrolysis can be achieved by an external energy source 
that provides the sample with sufficient energy to achieve pyrolysis. The heat is 
transferred from the heated surface to the sample particles via conduction, conductivity, 
and/or heat radiation [17]. Depending on temperature, heating rate, and residence time, 
pyrolysis can be classified as fast, intermediate, slow, gasification, liquefaction and 
vacuum, as listed in Table 1.1. By controlling the operation parameters including 
temperature and residence time, the proportions of the products formed (solid biochar, 
liquid bio-oil and gases) can be varied. For example, the main product of lignocelluosic 
materials is biochar under slow pyrolysis; gas using gasification; and bio-oil using fast 
pyrolysis [18]. 
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Table 1.1: Types of pyrolysis and their major products under different conditions [Reprinted with permission from C. 
Yin, Bioresource Technology 120 (2012) 273-284]. 
 Residence time Heating rate* Temperature Pressure Major products 
A qualitative description of the reaction conditions and major products of various modes of pyrolysis 
Slow (carbonization)     Hours - days           Very low                300 – 500         ~101 KPa          Charcoal 
Slow pyrolysis        Hours Low   400 – 600         ~101 KPa        Charcoal, liquids, gases 
Slow pyrolysis               5 – 30 min              Medium                 700 – 900         ~101 KPa         Charcoal, gases 
Fast pyrolysis                 0.1 – 2 s                 High                       400 – 650         ~101 KPa         Liquids 
Fast pyrolysis                 < 1 s                       High                       650 – 900         ~101 KPa         Liquids, gases 
Fast pyrolysis                 < 1 s                       Very high               1000 – 3000     ~101 KPa         Gases 
Vacuum pyrolysis          2 – 30 s                  Medium                  350 – 450         ~15 KPa           Liquids 
Liquefaction                   < 10 s                     High                       250–325           50–200 atm      Liquids 
 
            Temperature Residence time   Liquid %              Char %       Gas % 
A qualitative description of the reaction conditions and major products of various modes of pyrolysis 
Fast pyrolysis            Moderate, 500 
o
C     Short vapor residence time, ~ 1 s            75 (25% water)      12               13 
Intermediate              Moderate, 500 
o
C     Moderate residence time, 10–20 s           50 (50% water)      20                30 
Slow pyrolysis          Low, 400 
o
C             Very long residence time                         30 (70% water)      35                35 
Gasification,             High, 800 
o
C             Long residence time                                 5                            10                85 
* Most pyrolysis experiments were achieved with heating rate in the range of 0.1 
o
C/s to 300 
o
C/s. Slow pyrolysis has a lower 
heating rate (0.5 
o
C/s) while fast pyrolysis has a higher value ( 300 
o
C/s). 
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As an example of a slow pyrolysis, conversion of a tall perennial grass was 
achieved using a laboratory-scale (electric furnace) reactor at a final temperature in the 
range of 300-700 
o
C. The sample mass used was 20 mg, and the heating rate 10 
o
C/min. 
At 500
 o
C, a biochar yield of ~ 27% was obtained and it had the following properties: 
79% carbon content and 181m
2
/g surface area [20]. In another slow pyrolysis experiment, 
samples of corn residues and bagasse (with or without coal) were slowly pyrolyzed using 
a packed bed reactor. The effect of temperature, pressure, and the feedstock to coal ratio 
on product distribution were examined. Results indicated that the ratio of biomass to coal 
had a significant effect on liquid and gas products while the effects of temperature and 
pressure were much less significant [21]. 
Fast pyrolysis of biomass can be achieved via a bubbling fluidized bed reactor, a 
circulating fluidized bed reactor, a rotating cone pyrolyzer, by vacuum pyrolysis, or an 
auger reactor [22]. For example, palm tree seeds were pyrolyzed using a bubbling 
fluidized bed reactor with a short pyrolysis time (1.4 s) and temperature range of 400-600 
o
C. Maximum bio-oil yield (60 %) from these seeds was obtained at a temperature of 500 
o
C [23].  
 
1.2.2. Pyrolysis mechanisms of cellulose  
This section is limited to a description of the pyrolysis of cellulose since this 
thesis mainly investigates the thermodegradation of this bio-polymer. According to the 
Broido-Shafizadeh model [24], cellulose can be pyrolyzed at temperatures as low as 259-
341°C. This pyrolysis process occurs via two sequential stages: 1) formation of active 
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cellulose and 2) formation of volatiles in one pathway, char and gases in another (Figure 
1.4). The rate constants ki, kv, and kc are those of the individual pyrolysis reactions of the 
cellulose; namely, the formation of active cellulose, volatiles, and char and gases 
respectively. These constants were calculated to be ki = 1.7 × 10
21
e
−(58,000/RT) 
min 
−1
, kv = 
1.9 × 10
16
e
−
 
(47,300/RT)
 min
−1
, and kc = 7.9 × 10
11
e
−
 
(36,600/RT)
 min
−1
 [24]. Interesting, while 
the degree of polymerization of cellulose is 2500 in the sample analyzed, that of active 
cellulose is less than 200 [27] which is now susceptible to facile thermodegradation. 
 
 
 
Figure 1.4:  Broido–Shafizadeh model [Reproduced with permission J. E. White, W. J. 
Catallo, B. L. Legendre, Journal of Analytical and Applied Pyrolysis 91 (2011) 1-33]. 
 
In a more detailed study of cellulose pyrolysis [26], oligosaccharides are produced 
in the initial stages (Figure 1.5). Overall pyrolysis of cellulose includes several reactions 
such as depolymerization (formation of levoglucosan (LGA) and anhydro- 
oligosaccharides); followed by dehydration and isomerization of LGA to form 
levoglucosenone (LGO), 1,4:3,6-dianhydro-α-D-glucopyranose (DGP) and 1,6-anhydro-
β-D-glucofuranose (AGF). These intermediate products can further undergo extensive 
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dehydration (formation of furfural and hydroxymethylfurfural (HMF); as well as 
fragmentation and retroaldol condensation reactions (hydroxyacetone, glycolaldehyde, 
and glyceraldehyde).  The formation of CO and CO2 is the result of decarbonylation and 
decarboxylation. Biochar is a significant product of pyrolysis and arises from 
polymerization reactions.  
 
Figure 1.5: Mechanism of cellulose pyrolysis [Adapted with permission from Y. Lin, J. 
Cho, G. A. Tompsett, Phillip R. Westmoreland, G. W. Huber, Journal of 
Physical Chemistry C  113 (2009) 20097-20107]. 
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In pyrolysis, biochar can be readily formed from carbohydrates at low 
temperature (~300 
o
C) and with long residence time (> h).With increasing temperature 
and reducing the residence time, more oil is produced [26]. Gases such as CO, CO2, and 
CH4 are formed at much higher temperatures (>700 
o
C) with very short residence times 
(<sec) as shown in Figure 1.6. Key pyrolysis reactions include dehydration and 
depolymerization [27]. In other biomass samples such as wood, pyrolysis of cellulose, 
hemicellulose, and lignin occur at different temperatures (Figure 1.7). The required 
temperatures to achieve maximum pyrolysis of hemicellulose, cellulose, and lignin are 
320
 o
C, 375
 o
C, and 400 
o
C, respectively [28]. In spite of the common use of traditional 
heating methods such as a fluid bed reactor and a tube furnace for biomass pyrolysis, 
these methods face several drawbacks such as heat consumption, low efficiency in heat 
transfer, and a reduced product quality due to secondary reactions. Therefore, microwave 
irradiation has been investigated to achieve pyrolysis, possibly with fewer disadvantages 
compared to traditional pyrolysis [29]. 
 
 
 
 
 
 
12 
 
 
Figure 1.6: Effect of temperature and residence time on the product distribution of 
carbohydrate pyrolysis [Reproduced with permission from D. A. Bulushev, J. R. H. Ross, 
Catalysis Today 171 (2011) 1-13]. 
 
Figure 1.7: Mass loss rate as a function of pyrolysis temperature of cellulose, 
hemicellulose, and lignin, individually. [Reproduced with permission from M. I. Jahirul, 
M. G. Rasul, A. A. Chowdhury, N. Ashwath, Energies 5 (2012) 4952-5001]. 
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1.3. Microwave pyrolysis of biomass 
1.3.1.  Theory and practice 
The microwave region is a part of the spectrum of electromagnetic radiation with 
frequencies that range from 0.3 to 300 GHz (Figure 1.8). The wavelengths range from 1 
to 100 cm. A microwave frequency of 2.450 GHz is permitted for use in academic 
research and in industry to avoid possible interference with telecommunications 
microwave frequencies [30]. Microwave irradiation consists of magnetic and electric 
fields which are perpendicular to each other (Figure 1.9). Energy absorption depends on 
the material’s ability to interact with the microwave irradiation. There are three 
categories of materials which can interact: (1) transparent, such as sulfur; (2) reflected, 
such as copper; and (3) absorbent materials, such as water [31].  
 
 
Figure 1.8: Parts of the electromagnetic spectrum [Adapted with permission from V. K. 
Tyagi, S. Lo, Renewable and Sustainable Energy Reviews 18 (2013) 288-305]. 
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Figure 1.9: Components of microwave irradiation. Adapted with permission from 
http://cem.com/page187.html. 
 
Microwave reactions can be achieved with or without solvent. In the case of the 
microwave reaction with inhomogeneous mixing of solid reactants, the internal 
temperature of the sample is higher than the external temperature, which therefore 
produces hot spots inside the sample. The estimated temperature of these hot spots is 
100-200 K higher than the bulk temperature. As a result, the product yield from 
inhomogeneous solid reactions is higher than that from liquid reactions [34]. 
Compared to conventional heating, microwave-assisted heating has several 
advantages including selective heating, energy saving, a more controllable process, 
efficiency of energy transfer, and safer heating [35]. In organic synthesis, microwave- 
assisted heating is used instead of traditional heating due to the disadvantages of 
traditional heating such as slower heating and the possibility of product decomposition 
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[36]. Furthermore, microwave-assisted heating is used in several industrial applications at 
temperatures as high as 500 
o
C. These applications include the rubber and textile 
industry, food preparation, and scientific research [37]. 
In general, microwave-assisted heating occurs via dipolar polarization and a 
conduction mechanism. The first mechanism (dipolar polarization) can be summarized as 
the interaction between the applied magnetic field and the electric dipoles of molecules 
(Figure 1.10). As a result of this interaction, material is heated depending on its dielectric 
properties [38]. Dielectric polarization can be classified by three types: (1) electron 
polarization, (2) atomic polarization, and (3) orientation polarization. Microwave energy 
is insufficient to affect electron and atomic polarization, but this energy has the ability to 
affect orientation polarization [39]. 
 
Figure 1.10: Rotation of dipole molecules under the influence of electromagnetic field 
with microwave irradiation. [Adapted with permission from M. Al-Harahsheh, S.W. 
Kingman, Hydrometallurgy 73 (2004) 189-203]. 
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The dielectric interaction between microwave irradiation and the target is 
dependent on the absorbed power (P) which can be calculated by the following equation:  
   | |           
  | |         
       | |  
Where, 
  : The total effective conductivity, 
 : The internal electric field (V/m), 
 ƒ: Microwave frequency (Hz), 
   : The permittivity of free space (F/m), 
     
  
 : The relative effective dielectric loss factor, 
   
 : The relative dielectric constant, 
   : The loss tangent;       
     
   
 , where       is the dielectric factor which indicates the 
ability to convert microwave energy into heat and     is the dielectric constant which 
indicates to the ability of polarization sample. 
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Table 1.2: Dielectric constant and loss tangent of some common solvents. [Reproduced 
with permission P. Lidström, J. Tierney,  B. Wathey, J. Westman, Tetrahedron 57 (2001) 
9225-9283].  
Solvent Dielectric constant     
                        
Hexane 1.9  
Benzene 2.3  
Carbon tetrachloride 2.2  
Chloroform 4.8  
Acetic acid 6.1 0.010 
Ethyl acetate 6.2 0.174 
THF 7.6 0.059 
Methylene chloride 9.1 0.047 
Acetone 20.6 0.042 
Ethanol 24.6 0.054 
Methanol 32.7 0.941 
Acetonitrile 36.0 0.659 
N,N-Dimethylformamide 36.7 0.062 
DMSO 47.0 0.161 
Formic acid 58.0 0.722 
Water 80.4 0.123 
a
: at room temperature and static electric field, the values of    are equal the values of 
relative permittivity (   . b: values were determined at room temperature and 2.45GHz 
microwave power. 
 
1.3.2. Microwave pyrolysis of lignocellulosic materials  
Due to use of fossil fuel as an energy source, large amounts of CO2 (~1.6 GT) are 
emitted every year. Therefore, the search to find a clean and renewable energy source 
such as lignocellulosic feedstocks has been ongoing for decades [40]. Energy production 
from lignocellulosic materials can be achieved through many conversion methods, 
including combustion, biochemical conversion and pyrolysis. Among these methods, 
pyrolysis is a viable choice because the thermal efficiency of combustion is low, and 
large-scale biochemical conversion of lignocellulosic biomass is slow. Moreover, 
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production of enzymes for biochemical conversion still remains difficult [41]. Microwave 
pyrolysis is considered as an effective thermoconversion method to convert 
lignocellulosic feedstocks into bio-oil, biochar, and gas. Microwave irradiation has been 
successfully used for a number of small-scale pyrolysis experiments of different 
ligncellulosic feedstocks, as listed in Table 1.3. 
Table 1.3: Using microwave irradiation for pyrolysis of lignocelluosic feedstocks. 
Feedstock  Apparatus Parameters Results Ref. 
Rice straw Sample loaded into 
sealed quartz tube 
and pyrolyzed by 
single-mode 
microwave device. 
 
Sample: 3-5 g 
N2 flow rate: 50 
mL/min. 
Power: 2000 W. 
Produced gases 
were H2, CO2, CO, 
and CH4. H2 was 
the most abundant. 
 
[42] 
 
Coffee hulls Sample loaded into 
quartz tube then 
heated by single 
mode microwave 
device. Electrical 
oven was used for 
conventional 
pyrolysis. 
 
Sample: 15 g 
Temperature: 500, 
Power: 800 and 
1000
o
C. 
N2 flow rate: 60 
mL/min. 
 
Compared to 
conventional 
pyrolysis, MP 
gave a higher yield 
of H2 (40% vol.) 
and syngas (H2 + 
CO) (70% vol.). 
[43] 
Oil palm 
biomass 
(shell and 
fibers) 
Sample loaded into 
the fluidized bed of 
the quartz glass 
reactor and pyrolyzed 
by a domestic 
microwave device 
(1000 W). 
Temperature is 
measured by two K-
type metallic 
thermocouples. 
 
Biomass to biochar 
(microwave 
absorber): 1:0.25, 
1:0.5, and 1:1 were 
used. Irradiation 
time: 1-90 min 
N2 flow rate: 20 
L/min. 
Temperature reached 
180 
o
C during 10 
min. 
 
Samples with large 
particle size can be 
pyrolyzed without 
grinding. Cost is 
reduced. Using 
microwave 
absorber saves 
energy and time. 
[44] 
  
19 
 
Table 1.3 contd. 
Cellulose Two different 
domestic 
microwave 
ovens. 
Sample: 4-6 g. 
Power: 400-490 W. 
Irradiation time: 10-
20 min. 
Good production of 
levoglucosenone was 
achieved. 
Maximum bio-oil 
(7.53%) at conditions of 
4.0 g, 620 W, and 12 
min. 
 
[45] 
 
Oil palm 
shell  
Overhead stirrer 
attached to 
microwave 
device. 
Biomass to carbon 
ratios: 1:0.25, 1:0.5, 
and 1:1. 
Power: 300 W and 
450 W. 
Stirring rate: 200 
r/min. 
Irradiation time: 25 
min. 
 
Ratio of 1:0.5 the best 
for maximum yield of 
bio-oil (17 %) at 450 W. 
[46] 
Douglas fir 
sawdust 
Sample loaded 
into quartz flask 
and pyrolyzed 
using microwave 
reactor. 
Sample: 120 g. 
Ratio of activated 
carbon to sawdust: 
1.3 to 4.9. 
Reaction time: 1.3-
14.7 min. 
Power: 700 W. 
Heating rate: 60 
K/min. 
 
Highest yield of bio-oil 
(36.2 %) at 400 
o
C, 12 
min, and ratio of 3:1 
activated carbon to 
sawdust. Bio-oil 
produced is rich in 
phenolic compounds. 
[47] 
 
Pine wood 
sawdust 
Sample loaded 
into a quartz 
beaker-shaped 
reactor. 
Absorbers additives; 
NaOH, Na2CO3, 
Na2SiO3, NaCl, 
TiO2, HZSM-5, 
H3PO4, or Fe2(SO4)3. 
Sawdust (15g) and 
1.5 g  inorganic 
additives 
N2 flow: 0.2 m
3
/h for 
15 min. 
Temperature: 350 
o
C. 
Power: 0.3-1 KW. 
Gases produced were 
H2, CH4, CO and CO2. 
Using additives 
decreased the amount 
of CH4 and CO2 
produced.  H2 increased 
with addition of 
additives except NaCl, 
TiO2 and Fe2(SO4)3). In 
addition, CO decreased 
except with Na2SiO3 
and HZSM-5. 
[48] 
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Table 1.3 contd. 
Corn stover Quartz flask 
(1L) was used. 
Pyrolysis was 
achieved by 
microwave 
oven (600 W). 
Sample weight: 150 
g. The physical and 
chemical properties 
(e.g. ash content, 
solids content, pH, 
heating value, 
minerals, elemental 
ratio, moisture 
content, and 
viscosity) of bio-oil 
were studied. 
N2 flow: 200 
mL/min for 2 min. 
 
Improvement of bio-oil 
storage can be achieved 
using alcohol such as 
methanol to decrease the 
viscosity and water 
content of bio -oil. 
[49] 
Corn stover Sample loaded 
into quartz 
flask (1L) then 
pyrolyzed by a 
Sineo MAS-II 
batch 
microwave 
oven. 
 
Power: 700 W. 
Heating rate: 50 
°C/min first 3 min 
and then 160 
°C/min for 3-5 min. 
 
Bio-oil produced consists 
of phenols, aliphatic and 
aromatic hydrocarbons 
and furan compounds. 
Maximum bio-oil yield 
(34%) at 650 °C, 8 min, 
and 4 mm particles size. 
 
[50] 
 
Larch wood Pyrolyzed by 
two different 
microwave 
ovens: One for 
small size 
wood pellets 
and another for 
large size 
wood pellets. 
 
Sample weights: 80, 
190, 370, and 1200 
g of cylindrical 
blocks. 
Reaction time: 15 
min. 
Large size wood pellets 
consumed less 
microwave power 
comparing to small size 
wood pellets. The bio-oil 
yields were 15-30 wt. %. 
 
[51] 
Douglas fir 
sawdust 
pellets 
Sample was 
loaded into 1L 
quartz flask 
and pyrolyzd 
by a Sineo 
MAS-II batch 
microwave 
oven. 
Weight :400 g 
Power: 700 W. 
Temperatures: 326, 
350 400, 450, and 
471 
o
C. 
Reaction time: 10-
20 min. 
Production of highest 
yield of bio oil (57.8%) 
at 471 
o
C and 15 min 
reaction time. 
[52] 
21 
 
Table 1.3 contd. 
Wheat straw A Milestone 
ROTO SYNTH 
Rotative Solid 
Phase 
Microwave 
Reactor was 
used. 
Py-GC–MS was 
used as a 
traditional 
pyrolysis 
method. 
Sample treated using 
sulphuric acid (10% 
w/w) or with 
ammonia and/or with 
HCl (3% v/v). 
Treated sample 
weight: 150- 200 g.  
At 180 
o
C. 
Power: 1200 W. 
Heating rate: 17 
o
C/min. 
Py-GC–MS at 600 
o
C. 
 
Sample treatment and 
pyrolysis method 
affected the product 
distribution and bio-oil 
composition. Higher 
levoglucosan was 
obtained by NH3-
treatment. Compared to 
conventional pyrolysis, 
microwave pyrolysis is 
an effective method for 
better bio-oil. 
 
[53] 
 
Rice straw The sample was 
loaded into a 
sealed quartz 
tube and 
pyrolyzed by a 
single-mode 
microwave 
device (2000 
W). 
Weight: 3-5 g. 
N2 flow: 50 mL/min. 
Power: 50-500 W 
Particle size: 20/40 
mesh and <40 mesh. 
 
Gaseous products were 
H2, CO2, CO, and CH4. 
Bio-oil consists of 
alkanes, polar 
compounds, and low-
ringed polycyclic 
aromatic hydrocarbons. 
Maximum temperature 
was 570 
o
C with 
microwave power of 
500 W for 7-8 min. 
 
[54] 
 
Prairie 
cordgrass 
The sample was 
placed in a 3-
neck flask and 
pyrolyzed with 
a Sineo MAS-II 
batch 
microwave 
oven. 
 
Weight: 100 g. 
Power: 700 W. 
Heating rate: 94.5 
o
C/min with N2 flow 
for 15 min. 
 
Maximum bio-oil yield 
(33.1%) at 650 
o
C and 
18 min. 
Bio-oil consisted of 
aliphatic and aromatic 
hydrocarbons. 
 
[55] 
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Table 1.3 contd. 
Oil palm 
shell 
The reactor consists 
of a quartz glass 
tube with a 4 neck 
glass lids for 
insertion of N2 gas, 
stirrer, and 
thermocouples, and 
for a vapor exit. 
Sample pyrolyzed 
by a modified 
domestic microwave 
device (800 W). 
Temperature was 
measured by two 
thermocouples: one 
for surface 
temperature of bed, 
the second to 
measure the internal 
temperature. 
 
Carbon to sample: 
25, 50, and 75%. 
Power: 450 W. 
For: 30 min. 
N2 flow: 7 L/min. 
Stirring speed: 50, 
100, and 150 rpm. 
 
Maximum yield of 
bio-oil (28 %) was 
obtained at 800 W, 
25 % absorber, and 
50 rpm, stirring. 
[56] 
 
Corn stover 
and aspen 
wood 
pellets 
Sample placed into a 
quartz flask. A 
Panasonic 
NNSD787S 
Microwave device 
was used. 
Sample mixture: 8 g 
of catalyst 
(K2Cr2O7, Al2O3, 
KAc, H3BO3, 
Na2HPO4, MgCl2, 
AlCl3, CoCl2, or 
ZnCl2) with 100 g 
of sample.  
Time: 20 min. 
Power: 875 W.  
At: 450 -550 
o
C. 
 
Catalysts improve 
the microwave 
heating rate and 
increase the amount 
of furfural. 
Maximum yield of 
bio oil (48%) was 
obtained using 
Na2HPO4. 
[57] 
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Table 1.3 contd. 
Palm kernel 
shell, wood 
chips and 
sago wastes 
Sample is loaded into 
quartz chamber 
modified household 
microwave (1KW, 
SHARP R-958A). 
An infrared camera 
(Therma CAM P65) 
was used to measure 
temperature. 
Sample weight: 
10 g. 
N2 flow rate: 500 
ml/min for 30 
min. 
Temperature: 250 
- 390 °C. 
FTIR and GS/MS 
analysis of bio-oils 
indicated that it 
mainly consists of 
phenol, alcohols, 
ketones, aldehydes 
and carboxylic acids. 
The highest caloric 
value of bio-oil 
produced from 
microwave pyrolysis 
was from palm 
kernel shells (27.2 
MJ/kg). 
 
[58] 
Aspen 
pellets 
Sample is loaded into 
a quartz flask and put 
inside the microwave 
reactor. Vapor from 
pyrolysis was passed 
through catalytic 
column (350-600 
o
C) 
and then condensed as 
bio-oil. 
Sample weight: 
50-250 g. 
Types of catalytic 
columns: Fe2O3, 
CoO, NiO, MgO, 
PtO, Al2O3, 
La2O3, Cl, SO2, 
Na2O, CaO, K2O, 
CoO/ZrO2, 
NiO/ZrO2, 
La2O3/ZrO2, 
NiO/CaO-ZrO2, 
Cl/ZrO2, 
SO2/ZrO2, 
Na2O/ZrO2, 
CaO/ZrO2, and 
MgO/ZrO2. 
Wt. ratios of 
catalyst to 
biomass 40:100, 
40:50, and 80:50. 
Temperature: 350 
-600 
o
C. 
 Power: 700 W. 
Irradiation time: 
20 min. 
SO2/ZrO2 catalytic 
column showed the 
best bio-oil 
production.  
350 
o
C to 600 
o
C 
decreased bio oil 
yield from 33 to 
28%. 
Increasing catalyst 
to biomass ratio 
from 40:100 to 
80:50 decreased bio-
oil yield from 29.8 
to 21.3 %. 
[59] 
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1.3.3. Equipment used in this study 
 
CEM Discover SP microwave 
The CEM Discover SP microwave instrument consists of the microwave cavity, 
ActiVent, “Explorer automation deck (automated sampler)” sample holder, infrared 
detector, cooling line, and Synergy-D software. The temperature, microwave power (W), 
pressure (psi), time, and system mode (closed or open) (see Figure 2.1 Chapter 2) are 
displayed on the instrument. In the closed microwave system, the sample vessel is 
inserted inside the microwave cavity and then removed after the end of the reaction by an 
automatic sampler. After insertion of the capped sample tube inside the microwave 
cavity, the ActiVent moves over to close the vial by pressing down. Inside the ActiVent, 
there is a sensor for pressure measurement. In the bottom of the microwave cavity, there 
is an opening with a transparent plastic cover to allow the infrared detector to measure 
the temperature of the sample. After the pyrolysis reaction, the sample is cooled by a 
nitrogen flow located near the bottom of the microwave cavity [60]. 
The CEM Discover SP microwave instrument is supported by “Synergy-D 
Software” which sets several parameters including the temperature, pressure, microwave 
power, and residence time. In addition to single runs, sequence runs with their own 
experimental conditions can be used. The CEM Discover SP microwave instrument 
allows the operator the ability to run experiments in open and closed mode and with two 
sizes of vessels (e.g. 10 or 35 mL microwave tube) [61]. 
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Further detail of the experimental setup can be found in the experimental section 
of Chapter 2. 
 Pyrolysis- gas chromatography mass spectrometry (Py-GC/MS) 
Py-GC/MS was used to simulate conventional pyrolysis (external heating) and the 
results were of use for comparison with microwave pyrolysis. 
The Py-GC/MS unit consists of a heated micro-furnace pyrolysis unit (Frontier 
Lab double-shot pyrolyzer PY-2020 I) coupled to a GC/MS. Samples (0.2-0.8 mg) were 
placed inside a metal sample cup and inserted into the (pre-heated) pyrolyzer using a 
retractable plunger. This system is versatile as it can do both “whole/non-solvent” oil 
sample analysis by GC/MS and pyrolysis of solid samples online to the GC/MS. The unit 
is suitable for polymer and biomass analysis whereby fragments and volatiles products 
are analyzed and directly correlated to the sample composition. Figure 1.11 shows the 
components of a Frontier Lab double-shot pyrolyzer PY-2020iD which was interfaced to 
an Agilent GC/MS (experimental conditions of the system can be found in Chapter 2). In 
the Pyrolyzer PY-2020iD mode (i.e. single or double-shot techniques), temperature and 
heating rate can be controlled by PY-2020iD/iS computer software [62]. 
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Figure 1.11: Components of Frontier Lab Double Shot PY-2020iD (microfurnace 
pyrolyzer) interfaced to an Agilent GC/MS [adapted with permission from D. J. 
Nowakowski, A.V. Bridgwater, D. C. Elliott, D. Meier, P. Wild, Journal of Analytical 
and Applied Pyrolysis 88 (2010) 53-72]. 
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1.4. Scope and objectives  
This thesis presents the use of a small scale microwave unit as an analytical 
screening method for fuel and chemical production from microwave pyrolysis of 
lignocellulosic feedstocks. The study required that suitable microwave setups for both an 
open or closed systems be devised using the synthetic microwave available and that all 
products are isolated in quantitative yield. For optimum conditions for microwave 
pyrolysis of lignocellulosic feedstocks, several experiments were run at different sample 
weights, temperatures, and microwave power. Two microwave absorbers (activated 
carbon and water) were chosen for the purpose of improving the absorption of the 
microwave irradiation of the biomass sample. Microwave pyrolysis (MP) of cellulose 
(Chapter 2) and wood and its components (Chapter 3) were analyzed and compared with 
conventional pyrolysis. Our interest in using MP was due to its advantages in heating 
selectivity, safety, easy of control, and energy saving. The objectives of this study were: 
 To examine the ability of microwave irradiation to pyrolyze lignocelluosic 
feedstocks at lower temperatures (< 300 
o
C) than those used in conventional 
pyrolysis. 
 To study the effects of various parameters including the effect of microwave 
absorber, pyrolysis temperature, and closed vs open system on microwave 
pyrolysis of lignocelluosic materials. 
 To conduct a careful comparison of MP and conventional pyrolysis under similar 
conditions, (not performed regularly by other researchers). 
28 
 
 To identify the main components of the bio-oil produced under various 
conditions. 
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Abstract 
Microwave pyrolysis of cellulose was successfully achieved at low temperature 
(200-280 
o
C) using a lab-scale microwave synthesis system. Both closed and open 
microwave setups were developed to measure yields of pyrolysis products and to 
characterize the bio-oil. The effect of temperature, type of cellulose (crystalline and 
amorphous), and microwave absorber were examined. Microwave-derived bio-oil 
compositions were compared to conventional pyrolysis (microfurnace pyrolyzer-GC/MS) 
under similar heating rates. Maximum bio-oil yield (45%) was obtained from amorphous 
cellulose at 260 
o
C using an open system. Addition of water significantly increased the 
bio-oil yield to 52% (amorphous) and to 47% (crystalline) while addition of activated 
carbon had the effect of increasing gaseous products. Microwave-derived bio-oil products 
varied in chemical nature and abundance depending on cellulose crystallinity and 
between open or closed microwave pyrolysis and showed significant differences from 
conventional pyrolysis bio-oil. High yields of levoglucosan were obtained from 
amorphous cellulose at 260 
o
C while conventional pyrolysis required a much higher 
temperature (400 
o
C).  
 
 
 
 
37 
 
2.1. Introduction 
Lignocellulosic biomass is an important feedstock for thermoconversion for fuel 
and chemical production [1]. Moreover, the products derived from it are renewable and a 
green source of energy [2]. The main components of biomass are cellulose, 
hemicellulose, and lignin, cellulose being the most abundant. The pyrolysis behavior of 
cellulose is thus important in understanding the more complex pyrolytic behavior of 
lignocellulosic biomass. Cellulose is a polysaccharide consisting of D-glucose units with 
glycosidic bonds that are formed between monomeric units at positions 1 and 4. Cellulose 
material includes highly ordered (crystalline) and less ordered (amorphous) regions and 
the ratio between these regions is dependent on its source [3]. Hydroxyl groups in 
cellulose can create intra and intermolecular hydrogen bonds which greatly affect the 
crystallinity arrangements in cellulosic structure [4]. The degree of cystallinity affects not 
just its physical and chemical properties such as accessibility for derivatization, swelling, 
and water bonding [5] but also its pyrolysis pathway. For example, Py-GC/MS of 
amorphous cellulose at low temperature produces much higher amounts of levoglucosan 
than highly crystalline cellulose and, at higher temperatures, amorphous cellulose shows 
higher levoglucosenone and 1,4:3,6-dianhydro-glucopyranose products [6]. The 
mechanism of lignocellulosic pyrolysis includes dehydration, cracking, isomerization, 
dehydrogenation, aromatization, condensation reactions, and intramolecular 
rearrangements [7].  However for cellulose, according to the Broido-Shafizadeh model, 
pyrolysis involves two sequential stages: (1) formation of active cellulose and (2) 
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production of char and gases or volatiles [8]. The decomposition of active cellulose 
produces levoglucosan through a dehydration and condensation mechanism [9].  
Pyrolysis of biomass can also be achieved by microwave heating. Conventional 
thermal heating involves energy transfer from source to target via radiation, convection, 
and conduction, while in microwave heating electromagnetic energy is converted to 
thermal energy within the sample. Therefore, microwave heating results from energy 
conversion instead of heat transfer [10] and it has been shown to be a viable alternative 
for biomass pyrolysis [11].  Compared to conventional pyrolysis, microwave pyrolysis 
(MP) of solids can save time and can be done selectively by heating polar materials and 
creating hot spots inside the sample.  Furthermore, microwave heating can be described 
as a non-contact, volumetric, rapid, safe [12], clean, and cheap heating method [13].  
There are only a few studies on the microwave pyrolysis of cellulose. In one 
study, low bio-oil yield (8 %) was obtained under 12 min irradiation time and 620 W 
microwave power [14].  Budarin et al. examined the microwave-assisted decomposition 
of cellulose and it was determined that the amorphous region showed thermal degradation 
as low as 180 
o
C producing a useful biochar product [15]. No microwave absorber was 
used in either study.      
In spite of its advantages, microwave pyrolysis produces lower yields of bio-oil 
(<30%) than fast pyrolysis (60-70%) from wood [16]. With a microwave absorber such 
as char, the bio-oil yield from microwave pyrolysis of biomass can reach up to 40% [17]. 
Microwave irradiation was successfully used for pyrolysis of wheat straw [18], sewage 
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sludge [19, 20, 21], coffee hulls [22], larch wood [23], pine wood sawdust [ 24], peanut 
shell, maize stalk [25], rice straw [26, 27], wheat straw pellets [28], corn stover pellets 
[29], aspen pellets [30], algae [31], distillers dried grain [32], douglas fir [33] and oil 
palm fiber [17]. Moreover, microwave heating has been used for biomass drying before 
conventional pyrolysis. This pre-treatment was found to increase the yield of bio-oil and 
char while decreasing the yield of gaseous products [25].  
Microwave and conventional pyrolysis were compared for bio-gas production 
with various feedstocks such as wheat straw, pelletized softwood, waste office paper, and 
macroalgae. Microwave pyrolysis was achieved at low temperature (120-180 
o
C) and at 
250-400 
o
C for conventional pyrolysis [11]. The main gaseous components were CO2, 
CH4, CO, acetic acid, formic acid, acetaldehyde, and formaldehyde. These results showed 
the importance of comparing microwave pyrolysis results with conventional pyrolysis 
and detailing the advantages and drawbacks of microwave pyrolysis of biomass. In 
contrast to previous work on microwave pyrolysis of cellulose, the present work, for first 
time, examines closed vs open microwave heating of cellulose at low temperatures in 
addition to understanding a comparison of bio-oil products between low temperature 
microwave pyrolysis and conventional pyrolysis. The effect of cellulose crystallinity and 
the use of microwave absorbers on low temperature microwave pyrolysis of cellulose 
were also examined for first time.  
The ability of biomass and cellulose material to absorb microwave irradiation is 
poor [34]. Therefore, microwave absorbers such as water and carbon-based materials 
have been used to improve the microwave absorption efficiency. The ability of a material 
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to absorb microwave irradiation is dependent on the dielectric loss tangent (tan δ). For  
example, water is a good microwave absorber and it has tan δ of ~ 0.1 while carbon 
materials such as activated carbon have a higher tan δ in the range of  0.1-0.8 [35]. This 
study examines the differences (and benefits) in yields and bio-oil composition of 
microwave pyrolysis of cellulose with and without the addition of absorbers.  
 The objectives of this study were to examine the ability of microwave irradiation 
(300 W; small sample cavity) for the pyrolysis of cellulose at low temperature (200-280 
o
C), to determine suitable conditions (i.e. pyrolysis temperature, cellulose type, and 
microwave system) for bio-oil production and to examine the effect of microwave 
absorbers. This study also examined the differences in bio-oil composition between 
microwave pyrolysis and conventional pyrolysis.  
 
2.2. Experimental 
2.2.1. Materials 
Microcrystalline cellulose (Sigma-Aldrich, 50 µm), amorphous cellulose from a socklet 
thimble paper (Fisher Scientific, 1 mm pieces), activated carbon (Fisher Scientific, 50-
200 mesh), C18 cartridge (Supelco Envi-18, 6 mL tube) and HPLC-grade methanol 
(Sigma-Aldrich) were used as received. 
2.2.2. Experimental methods 
2.2.2.1. Closed and open microwave system 
Pyrolysis was carried out using a microwave synthesis system (CEM Discover 
SP; Figure 2.1) at maximum microwave power of 300 W at set temperatures between 200 
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and 280 
o
C. For closed microwave experiments, a sealed microwave sampling tube (10 
mL) with a 2 mL sample vial inside was used (Figure 2.1). Either 100 mg of 
microcrystalline cellulose (V~ 0.3 cm
3
) or of amorphous cellulose pieces (V~ 0.5 cm
3
) 
was placed inside the 2 mL vial (cap removed). With the open microwave system, 300 
mg of sample was pyrolyzed under a nitrogen flow (40 mL/min) through a long needle 
which is placed just above the sample (Figure 2.1). The carrier gas then flows out of the 
microwave cavity through a C18 cartridge tube used to effectively trap bio-oil. The major 
difference in the two systems is that the gaseous products are not allowed to escape in the 
closed system. The closed system experiments also allowed the proper measurement of 
microwave temperature, pressure and microwave power profiles. 
Proper temperature measurement is very important, particularly during 
microwave heating when heating occurs internally. An optical fiber thermometer (OFT) 
provided with the instrument was not used in this study because of the difficulty of 
placing the fiber into a small sample (100 mg). A popular technique for the temperature 
measurement of solids is with a pyrometer which is a non-contact method. It has the 
ability to monitor the emitted infrared light energy from the target sample. In a 
pyrometer, temperature monitoring is dependent on the emission factor of light [36].   
After a closed system pyrolysis run, the 2 mL vial containing the biochar was weighed 
after drying in an oven at 40 
o
C for 12 h. All of the bio-oil condensed on the walls of the 
outer 10 mL microwave tube was also weighed.  The yield of gaseous products was 
calculated based on:  mgas = msample - moil - mchar.  In the open system, the mass of the bio-
oil was calculated by the weight increase of the C18 trap and the weight increase of the 
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microwave tube as a small amount of oil condensed before reaching the trap. Bio-oil 
samples were collected off the walls of the tube and combined with bio-oil which eluted 
from the C18 trap cartridge using 2 mL of methanol. All samples were stored in a sealed 
vial at 4 
o
C.  
Activated carbon and deionized water were used to assist in microwave 
absorption in cellulose samples during the open microwave setup. For some samples 30 
mg of activated carbon was mixed with 270 mg of cellulose, while for others 300 mg of 
water was added to 300 mg of cellulose. When using water, care was taken to trap all the 
evaporated water plus bio-oil on the C18 cartridge. Tests with water only in the open 
system showed complete recovery of the water. Water was subtracted from the product 
bio-oil to correct for the dilution effect. 
2.2.2.2. Conventional pyrolysis  
Cellulose samples [~ 0.80 mg] were carefully placed in a sample cup, then 
dropped into a quartz tube vertical micro-furnace pyrolyzer PY-2020D (Frontier 
Laboratories Ltd., Yoriyama, Japan), coupled to a HP 5890 II gas chromatograph/HP 
5971A mass selective detector (MSD) (Hewlett Packard, Palo Alto, CA, USA) with a 
ChemStation Data system.  In order to compare similar heating domains as used in 
microwave pyrolysis the micro-furnace temperatures were set so that “the time” it took to 
reach the set temperature was similar to that observed in microwave pyrolysis used in this 
study, that is,  ~3 min  (Figure 2.3). In order to do this, the initial temperature needed to 
be 80 
o
C and the micro-furnace allowed to heat at its maximum rate to the set 
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temperature.  Four temperature ranges were used; 80-250 
o
C, 80- 325
 o
C, 80-400
 o
C, and 
80-475 
o
C. The temperature ramp times were between 2 and 3.5 min. The temperature of 
the pyrolysis transfer line was 250 
o
C. 
 The MSD was operated under the following conditions: electron ionization 
energy, 70 eV; scan range, 40-550 m/z; the mass spectrometer interface temperature was 
maintained at 250
 ◦
C. The GC instrument was equipped with a split/splitless injector and 
an electronic pressure control (EPC). The GC injector temperature was set at 250 
o
C. A 
Zebron TM ZB-1701GC capillary column (30 m × 0.25 mm i.d. × 0.25 µm film 
thickness) (Phenomenex Inc., USA) was used. The temperature of the GC oven was held 
at 35 
◦
C for 6 min to trap and focus the volatile components, then increased to 240 
o
C at 6 
o
C/min and held for 4 min. Helium was used as a carrier gas and the GC column was 
operated at a head pressure of 15 psi with a split flow of 40 mL/min. The identification of 
GC/MS peaks was mainly based on comparison with the spectra of the NIST spectrum 
library but also using mass spectra obtained from the literature [37]. 
2.2.2.3. Analysis of MP bio-oil 
Representative bio-oil samples were carefully removed from the walls of the microwave 
tube (without dilution with methanol) and analyzed using the same pyrolysis-GC/MS 
device and conditions described above where 1.5 mg of oil is placed inside a sample cup 
and dropped into a 250
o
C microfurnace. 
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Figure 2.1: Microwave apparatus for cellulose pyrolysis. (A) Open system, (B) closed 
system, (C) the microwave synthesis system and (D) inside microwave cavity. The clamp 
is used only for illustration purposes. 
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2.2.2.4. Measurement of % crystallinity  
Cellulose crystallinity was measured using a XRD equipped with Cu Kα radiation 
with a monochrom and the Bragg–Brentano optical configuration. The sample was 
scanned in the range of 10-60 2θ. Crystallinity peaks of cellulose were noticed at 
different values of 2θ; i.e., 16, 22, and 34. The highest intensity of a crystalline peak (I002) 
was at 22
o
. The diffraction peak intensity (IAM) for the amorphous peak was at 18
o 
[38]. 
Crystallinity was calculated using a peak height method [4] wherein crystallinity equals 
the ratio between the crystalline peak intensity (I002 – IAM) and total intensity (I002) 
(Figure 2.2). By this method it was determined that the % crystallinity of microcrystalline 
cellulose was 0.96 while that of amorphous cellulose was much lower at ~ 0.46. 
 
Figure 2.2:  XRD pattern of microcrystalline cellulose sample. 
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2.3. Results and discussion 
2.3.1. Microwave pyrolysis of  microcrystalline and amorphous cellulose 
2.3.1.1. Effect of temperature 
The microwave energy for all samples was set at 300 W (the maximum output of the 
system).  It was found that microwave pyrolysis required a suitable sample size (0.3 cm
3
 
for closed system and 0.9 cm
3
 for open system) as the microwave cavity is built 
specifically for small scale synthesis. Too large of a sample size makes bio-oil separation 
difficult because it mixes with biochar outside the small vial, and too small of a sample 
size produces a very small amount of bio-oil. The time it took for the microwave to reach 
the set temperatures was ~ 3 min for the closed system and 3.5 min for the open system 
(see Figure 2.3A for closed).  
Both cellulose types and open/closed microwave pyrolysis showed increases in 
bio-oil yield along with a decrease in biochar with increased temperature (Figure 2.4).  
Bio-oil yields increased between 12 and 22 % at 200 
o
C (depending on the sample and 
microwave pyrolysis setup) to an optimum yield of bio-oil of 43% (open) and 47 % 
(closed) for amorphous and 41% (open) and 37% (closed) for crystalline. Increasing the 
temperature from 260 
o
C to 280 
o
C caused a decrease in bio-oil.  Interestingly with the 
open system, the production of biochar + bio-oil from amorphous cellulose was much 
greater at lower temperatures (220 
o
C) than from crystalline cellulose likely due to the 
stronger intermolecular forces in crystalline cellulose. Significantly more gaseous 
products were produced from crystalline rather than amorphous cellulose. For example, 
one sample of crystalline cellulose gave a 32% yield of gaseous products at 200 
o
C 
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(open); whereas the amorphous cellulose gave a lower amount of gaseous products at 200 
o
C (open).  
 
Figure 2.3: Temperature, pressure, and microwave power profiles of (A) microwave 
pyrolysis of microcrystalline cellulose (B) microcrystalline cellulose with activated 
carbon (C) amorphous cellulose and (D) amorphous cellulose with activated carbon. 
Experiments were run in a closed microwave system with set point of 260 
o
C and 300 W 
power. 
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With adding AC to cellulose samples the recorded pressure increased to 58 psi for 
microcrystalline cellulose and 75 psi for amorphous cellulose (Figure 2.3). That can be 
correlated with increasing in gas yields as shown in Figure 2.5.   
  
 
Figure 2.4: Effect of microwave pyrolysis temperature on product yield of celluloses. 
(A) closed system/microcrystalline and (B) open system/microcrystalline. (C) closed 
system/amorphous and (D) open system/amorphous. Error bars are based upon triplicate 
analysis. 
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2.3.1.2. Effect of microwave absorber  
 The dielectric loss tangent of activated carbon and water is much higher than for 
cellulose and lignocellulosic materials. Therefore, these materials can be used as 
microwave absorber to improve sample heating. In the literature, microwave absorbers 
were successfully used to increase the heating rate of microwave pyrolysis of biomass 
[17]. In the present work, microwave absorbers including activated carbon did not have 
as much of an effect on temperature rise profiles (~ 10-15 % faster; Figure 2.3). This may 
be due to the use of limited microwave power (300 W) with this apparatus. The effect of 
activated carbon on temperature, pressure, and microwave power profiles is shown in 
Figure 2.3 (A and C vs. B and D). A benefit of using water as microwave absorbers is the 
increase of bio-oil yields. Maximum bio-oil yield reached 52% for amorphous cellulose 
with an open system (compared to 45% without water) (Figure 2.5B). The use of 
activated carbon had the effect of increasing the non-condensable gas fraction for both 
cellulose types. This is due to catalytic cracking of vapor phase components during 
microwave pyrolysis [39]. Amorphous cellulose with AC showed the largest increase in 
gas production at 55% yield compared to 10% gas yield for amorphous cellulose alone 
(Figure 2.5B). This increase in gas production is reflected in the pressure profile of the 
amorphous cellulose + AC run in the closed system (Figure 2.3D) where pressures of 73 
psi were reached.   
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Figure 2.5: Effect of microwave absorber on product yield of microwave pyrolysis of 
(A) microcrystalline cellulose and (B) amorphous cellulose at 260 
o
C in open system. 
AC, activated carbon. Error bars are based upon triplicate analysis.  
 
2.3.1.3. Analysis of bio-oil  
          The bio-oils derived from microwave pyrolysis of celluloses were analyzed by 
GC/MS using a pyrolysis cup and microfurnace described in the experimental. Figure 2.6 
shows the chromatograms of bio-oil from microwave pyrolysis of cellulose samples at 
260 
o
C. The main components were ketones, aldehydes, furans, phenols, and 
anhydrosugars (Table 2.1). The bio-oil components are similar to those of conventional 
bio-oil derived from cellulose (Figures 2.7 and 2.8 and section 3.7.2). The differences in 
Figure 2.6 however arise from the cellulose types and their product yields. Compared to 
microcrystalline cellulose, microwave pyrolysis of amorphous cellulose produced much 
higher quantities of levoglucosan (26) and 5-hydroxymethyl-2-furaldehyde (23). In fact, 
microwave pyrolysis of microcrystalline cellulose does not produce any compound 23. In 
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contrast microcrystalline cellulose gave higher amounts of 2-hydroxy-3-methyl-2-
cyclopenten-1-one (14), and the only sample to yield an unknown anhydrosugar 
(C5H8O4) (20) and 2-methyl-1,4-benzenediol (25) in significant quantities. The later 
compound is likely produced from extensive dehydration and aromatization. When 
comparing open vs. closed microwave pyrolysis systems, a few differences arise (Figure 
2.6). The open microwave pyrolysis system of amorphous cellulose gave unique 
compounds not seen in the closed microwave pyrolysis such as hydroxpropanone (2), 2-
furancarboxaldehyde (3), 3-furanmethanol (6), 5-methyl-2-furancarboxaldehyde (10), 
2(5H)-furanone (12), and a high abundance of 5,6-dihydro-2H-pyran-2-one (17). Fewer 
differences were observed between closed vs open microwave pyrolysis of 
microcrystalline cellulose.  Acetic acid (1) was observed in the closed system and product 
21 only in the open system. 
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Figure 2.6: GC/MS TIC of bio-oil produced from microwave pyrolysis of 
microcrystalline cellulose (A) in closed system and (B) in open system and from 
amorphous cellulose (C) in closed system and (D) in open system. Microwave pyrolysis 
of samples was achieved at final temperature of 260 
o
C and microwave power of 300 W. 
The identity of the peaks can be found in Table 1.  
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Table 2.1: Compounds identified in bio-oil isolated from microwave pyrolysis of 
cellulose and identified in TIC of  Py-GC/MS. 
Peak no.
a
 M. wt. Compound 
1 60.05 Acetic acid 
2 74.08 Hydroxypropanone 
3 96.08 2-Furancarboxaldehyde 
4 98.10 2-Furanmethanol 
5 110.11 1-(2-Furanyl)-ethanone  
6 98.10 3-Furanmethanol 
7 98.10 5-Methyl-2(3H)-furanone  
8 98.10 1,2-Cyclopentanedione 
9 100.12 Dihydro-methyl-furanone isomer 
10 110.11 5-Methyl-2-furancarboxaldehyde  
11 86.09 Dihydro-2(3H)-furanone  
12 84.07 2(5H)-furanone 
13 112.08 3-Methyl-2,5-Furandione  
14 112.17 2-Hydroxy-3-methyl-2-cyclopenten-1-one  
15 116.12 5-Hydroxymethyldihydrofuran-2-one 
16 94.11 Phenol 
17 98.04 5,6-Dihydro-2H-pyran-2-one  
18 126.15 2-Methoxy-3-methylcyclopent-2-en-1-one 
19 108.14 2-methylphenol  
20 132.11 Anhydrosugar ( C5H8O4 ), see ref. [40] 
21 128.13 5-Hydroxymethyl-2-tetrahydrofuraldehyde-3-one 
22 144.13 1,4:3,6-Dianhydro-α-glucopyranose 
23 126.11 5-Hydroxymethyl-2-furaldehyde 
24 144.13 2-Hydroxymethyl-5-hydroxyl-2,3-dihydro-(4H)-
Pyran-4-one 
25 124.14 2-Methyl-1,4-benzenediol,  
26 162.14 Levoglucosan 
        
a
 Peak no.  related to chromatographic peaks in Figures 2.6-2.8. 
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2.3.2. Conventional pyrolysis of cellulose by Py-GC/MS 
 The time required to reach the final pyrolysis set temperatures of 250 to 475 
o
C 
was between 1.5 and 3.5 min (Figures 2.7 and 2.8). This is close to, but not identical, to 
the time required for samples to reach the set temperatures in the microwave experiments. 
However, the slow temperature rise in the pyrolysis microfurnace should be close to 
microwave pyrolysis heating rates. Because a pyrolysis sample cup was used in Py-
GC/MS studies, the residue remaining after pyrolysis could be measured. For crystalline 
cellulose at 250, 325, 400, and 475 
o
C the sample/char remaining was 90, 47, 39, and 
31%, respectively, while for amorphous cellulose was 96, 71, 19, and 13%, respectively. 
The chromatograms shown in Figures 2.7 and 2.8 clearly indicate that 250 
o
C is 
insufficient to pyrolyze cellulose and even at 325 
o
C, only a small amount of products are 
formed. Only at 400 
o
C, could one observe a satisfactory degree pyrolysis.  
There are pyrolysis products common to both Py-GC/MS and the bio-oil from 
microwave pyrolysis of cellulose (Figures 2.6-2.8) but there are also clear differences 
which may be the result of different pyrolysis pathways. By comparing the pyrolysis of 
amorphous cellulose, microwave pyrolysis solely produced the products 
hydroxypropanone (2), 3-furanmethanol (6), 5-methyl-2-furancarboxaldehyde (10), 
2(5H)-furanone (12), and 5,6-dihydro-2H-pyran-2-one (17). In contrast, Py-GC/MS 
solely produced an abundance of 2-methylphenol (19) and (unknown) anydrosugar (20).  
In order to illustrate the differences in product distribution among the pyrolysis 
systems used, (microwave pyrolysis closed/open and Py-GC/MS) and cellulose type, a 
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listing of the significant products from each is given in Table 2.2. There are only two 
common compounds to all; 2-hydroxy-3-methyl-2-cyclopenten-1-one (14) and 
Levoglucosan (26). Acetic acid (1) is unique of MP/closed of microcrystalline cellulose 
while 5-methyl-2(3H)-furanone (7) is unique of MP/open of microcrystalline cellulose. 
The compounds 3-furanmethanol (6) and 5-methyl-2-furancarboxaldehyde (10) are 
unique of MP/open of amorphous cellulose. The compounds dihydro-methyl-furanone 
isomer (9) and 2-methylphenol (19) are only seen in Py-GC/MS of microcrystalline and 
amorphous cellulose.  This study does not attempt to give a definitive explanation of the 
differences in pyrolysis products of microwave pyrolysis and conventional pyrolysis of 
cellulose. However, one explanation for production of higher amounts of levoglucosan 
produced from amorphous cellulose in both microwave and Py-GC/MS experiments; 
compared to microcrystalline would be weaker hydrogen bonding in the amorphous 
variant [41]. This study represents a preliminary analysis of the pyrolysis product yields 
and bio-oil characterization observed from low temperature microwave pyrolysis. We 
have successfully designed an experimental microwave pyrolysis apparatus and bio-oil 
collection system to continue further research into microwave pyrolysis of cellulose and 
other lignocellulosic materials.  
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Figure 2.7: Py-GC/MS TIC of microcrystalline cellulose at different set temperatures 
and Tramp. 
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Figure 2.8: Py-GC/MS TIC of amorphous cellulose at different set temperatures and 
Tramp. 
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Table 2.2: Comparison of compounds identified among bio-oils produced from 
microwave pyrolysis (Closed/Open) and Py-GC/MS (Py) of microcrystalline (McC) and 
amorphous cellulose (AmC).   
No.
a
 McC/Closed McC /Open AmC/Closed  AmC/ Open McC/ Py AmC/Py  
1 √      
2 √   √   
3    √  √ 
4 √ √ √  √ √ 
5     √  
6    √   
7  √     
8     √  
9     √ √ 
10    √   
11 √ √ √  √ √ 
12    √   
13    √   
14 √ √ √ √ √ √ 
15     √  
16     √  
17  √ √ √   
18 √ √ √    
19     √ √ 
20 √ √   √ √ 
21  √ √ √  √ 
22 √ √  √ √ √ 
23   √ √  √ 
24      √ 
25 √ √   √  
26 √ √ √ √ √ √ 
a 
Peak no.  related to chromatographic peaks in Figures 2.6-2.8. 
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2.4. Conclusions 
        This study has successfully designed a very useful closed and open microwave setup 
for biomass pyrolysis using a common microwave synthesis instrument to give reliable % 
yield data for biochar, bio-oil and gases while properly collecting the product bio-oil for 
further analysis. Compared to conventional pyrolysis, microwave pyrolysis of cellulose 
can be achieved at a much lower temperatures, as low as 200 
o
C. The addition of 
activated carbon as a microwave absorber greatly enhanced gas production while addition 
of water significantly increased the yield of bio-oil. Microwave pyrolysis of amorphous 
cellulose produced higher yields of levoglucosan compared to microcrystalline cellulose. 
The most suitable microwave pyrolysis temperature for production of bio-oil was 260 
o
C. 
Although there were pyrolysis products common to both conventional pyrolysis and 
microwave pyrolysis of cellulose, there were also significant differences which are likely 
be the result of different pyrolysis pathways. More microwave pyrolysis work in this area 
will benefit studies into future bio-oil use for chemicals and fuels. 
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Chapter 3: Microwave pyrolysis of white birch wood and its 
components
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
2
 The contents of this chapter are intended to be submitted for publication.  
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Abstract 
            In this study, microwave pyrolysis of white birch wood and its components (i.e., 
cellulose, xylan and lignin) were achieved at low temperature (220-300 
o
C) using a 
commercial microwave synthesis system on a small scale (300 mg).  The effects of 
pyrolysis temperature, microwave absorber (i.e. water or activated carbon), and 
torrefaction pre-treatment on product yields and bio-oil components were investigated. 
For comparison with conventional pyrolysis, a microfurnace pyrolyzer-GC/MS under 
similar heating rates was used. Microwave-assisted production of bio-oil yields from 
wood increased from 10 to 20% by increasing the temperature from 220 
o
C to 300 
o
C.  
However, an increased bio-oil yield of 32% was obtained by adding water to the wood 
while the gas yield increased to 41% by the addition of activated carbon. Pre-treatment of 
the wood by torrefaction resulted in high yields of biochar, and as high as 84% when 
torrrefaction was carried out at 280 
o
C. The pre-torrefaction treatment also improved the 
bio-oil quality (lower acidity) by lowering the amount of acetic and formic acid 
produced. Compared to microwave pyrolysis, conventional pyrolysis requires higher 
temperature (≥ 325 oC) to produce significant bio-oil.  
The microwave pyrolysis produced bio-oil from white birch contained mostly 
lignin-derived products with small amounts of products from the xylan component and 
none from cellulose. This is in contrast to bio-oil from conventional pyrolysis which 
showed significant product formation from all three macromolecular components. Bio-oil 
from microwave pyrolysis of torrefied wood revealed enhanced production of 4-oxo-5-
methoxy-2-penten-5-olide, a unique microwave product.  
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3.1. Introduction 
Biomass as a renewable energy source has gained much attention due to 
disadvantages of fossil fuel use which includes rising costs, limited sources, and 
environment pollution. One method for the conversion of biomass to fuels and energy is 
pyrolysis which yields three fractions, namely biochar, bio-oil, and gases [1]. Wood, a 
lignocellulosic biomass, consists mainly of cellulose, hemicellulose, and lignin. The 
percentages of these components in wood depend on wood type. White birch is a 
hardwood consisting of cellulose (45%), xylan (35%), and lignin (20%) [2]. Pyrolysis of 
wood is more complex than that of its individual components, e.g., cellulose, due to 
competitive reactions including the interactions among pyrolysis products [3]. Pyrolysis 
can be achieved using conventional heating or, less commonly, microwave heating. 
Compared to conventional pyrolysis, microwave pyrolysis has several advantages such as 
more efficient energy transfer, volumetric and selective heating, and greater control over 
the pyrolysis process [4]. Microwave irradiation was used to pyrolyze several 
lignocellulosic materials such as willow chips, straw [5], rice straw and corn stover [6], 
corn stalk bale [7], pine wood sawdust [8], larch wood [9], shell and fiber oil palm 
biomass [10], palm kernel shell, wood chips, and sago wastes [11]. All the above-
mentioned studies indicated that microwave pyrolysis is an efficient and promising 
method for the conversion of biomass into useful products. The current study is different 
however from previous studies wherein the parameters of temperature, microwave 
absorber, and thermal pre-treatment of wood were investigated using lower temperatures 
(< 300 
o
C) and lower microwave power (<300 W), and by using an open microwave 
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system. In a previous study [12], our group used a similar strategy to investigate the low 
temperature microwave pyrolysis of cellulose.  
The ability of materials to absorb microwave irradiation is dependent on their loss 
tangent (tan δ) which equals the ratio between the dielectric loss factor (ε") and the 
dielectric constant (έ). At constant temperature (i.e., 24 oC) and constant frequency ( i.e., 
2.47 GHz), the έ of white birch increases from 2 to 30 with increasing moisture content 
from 0 to 130%, and the tan δ value increases from 0.05 to 0.15 [13]. However, the ε" 
values of cellulose, xylan, and lignin are 0.22, 0.05 and 0.06, respectively, under the same 
previous conditions of white birch, i.e., 24 
o
C temperature and 0% moisture content [14]. 
The moisture content of white birch samples used in this work was low (5 %). Therefore, 
the microwave absorbers activated carbon (tan δ = 1.6) and water (tan δ = 0.12) were 
added to the sample to improve microwave absorption [5].  
Upgrading of woody biomass can be achieved by torrefaction, a thermochemical 
conversion of biomass in absence of oxygen at low temperature (200-300 
o
C) [15]. 
Torrefaction can be used to remove moisture and volatile content from lignocellulosic 
materials which leads to the production of valuable biochar (rich in carbon with high 
heating value) [16] and as a feedstock for pyrolysis. Torrefaction results in low acidity 
bio-oil [17]. In one experiment, with a holding time at the final temperature (200-300 
o
C) 
in biomass torrefaction, ranging from 3-60 min, the resulting mass lost was up to 60% 
[18]. Xylan based hemicelluloses from hardwood start to degrade at 200 
o
C with fast 
thermochemical conversion up to 270 
o
C at which point xylan degradation slows down 
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[19]. Torrefaction of hemicelluloses includes dehydration, deacylation, and 
depolymerization reactions [20]. Compared to hemicellulose, thermochemical 
degradation of lignin starts at a higher temperature (>240 
o
C) and with slower 
degradation rates. Cellulose has the highest stability and slowly starts to degrade at 270 
o
C. Other components in wood such as resins and tannins can be reduced by torrefaction 
[19].  
Maximum bio-oil yield (57.8%) was produced from microwave pyrolysis of 
Douglas fir sawdust pellets at high temperature (471 oC) and pyrolysis time of 15 min 
[21]. Under the same conditions, microwave pyrolysis of Douglas fir torrefied in a range 
of 240-300 
o
C and residence time of 8-22 min, gave lower bio-oil yields (17-40%) [22]. 
In another study, low temperature microwave pyrolysis (180 
o
C) of wheat straw gave 
maximum bio-oil yields of 26% [23]. Therefore, bio-oil yields from microwave pyrolysis 
of lignocellulosic biomass are highly dependent on pyrolysis temperature, type of 
feedstock, use of microwave absorbers, and thermal pre-treatment. In general, 
conventional pyrolysis of wood produced higher bio-oil yield (50%) but at higher 
temperature (500 
o
C) [24]. Gu et al. [25] proposed pyrolysis mechanisms for cellulose, 
hemicellulose, and lignin which include depolymerization, dehydration, aromatization, 
and rearrangement reactions. 
The objectives of the present work were to examine the capability of microwave 
irradiation to pyrolyze white birch and its model compounds (i.e., cellulose, xylan and, 
lignin) at low temperatures (< 300 
o
C) and to study the effects of pyrolysis temperature, 
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of pre- torrefaction and microwave absorbers (e.g. activated carbon and water) on product 
yield and bio-oil characterization. The microwave pyrolysis bio-oil from white birch was 
then compared with bio-oil produced from conventional pyrolysis. 
3.2. Experimental 
3.2.1.  Materials 
 White birch wood from Popsicle sticks (Fisher Scientific, Canada) was ground 
down three times using a cutting mill and sieved to 150-250 µm. All other materials were 
used as received. Model hardwood macromolecular compounds, amorphous cellulose 
(500 µm pieces), and xylan from birchwood (70 µm) were purchased from Sigma Co. 
(St. Louis, USA). The Alcell® lignin (50µm) was produced by an organosolv pulping of 
mixed hardwoods (birch, maple) by Repap Technologies Inc. (Valley Forge, U.S.). 
Activated carbon (50-200 mesh) was purchased from Fisher Scientific, Canada, HPLC-
grade methanol from Sigma Co. (St. Louis, USA), and C18 cartridges (Envi-18, 6 mL) 
from Supelco (Bellefonate, USA).  
 
3.2.2.  Experimental methods 
3.2.2.1. Microwave pyrolysis 
Pyrolysis of a white birch sample and its model compounds (i.e., cellulose, xylan, 
and Alcell lignin) was achieved using a microwave synthesis system (CEM Discover SP) 
at set temperatures of 220, 260, and 300 
o
C and maximum microwave power of 300 W as 
described in previous work [12].  Briefly, 300 mg of sample was inserted into a small vial 
(2 mL) without a cap, placed into a microwave sampling tube (10 mL), and then inserted 
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into the microwave cavity. All microwave experiments were carried out using an open 
microwave system in the presence of  a N2 flow (40 mL/min).  A C18 cartridge tube was 
used to effectively trap the produced bio-oil. N2 flow cooling was used after pyrolysis via 
a high flow around the microwave cavity. The required time to reach the set temperature 
was 3-3.5 min. The biochar was measured gravimetrically by drying the 2 mL sample 
vial in an oven at 40 
o
C for 12 hours. The mass of bio-oil was calculated by the weight 
increase of the C18 trap and the weight increase of the microwave tube as a small amount 
of bio-oil condensed there. Bio-oil samples were collected off the walls of the tube and 
combined with bio-oil which was eluted from the C18 trap cartridge using 2 mL of 
methanol. The yield of gaseous products was calculated by difference.  All samples were 
stored in sealed vials at 4 
o
C. 
      Activated carbon and deionized water were used to assist in microwave pyrolysis of 
white birch samples as microwave adsorbents. Activated carbon (30 mg) was mixed with 
270 mg of white birch while water (300 mg) was added to 300 mg of white birch. When 
using water, care was taken to trap all the evaporated water plus bio-oil on the C18 
cartridge along with condensation on the glass walls. The mass of water used was 
subtracted from the produced bio-oil to correct for possible dilution. 
 
3.2.2.2. Torrefaction and microwave pyrolysis of white birch 
For torrefaction of white birch, 300 mg samples were carefully torrefied at 220, 
250, and 280 
o
C using a heating block (CORNING, PC-420D). Temperatures were 
ramped up in 30 min and held for 20 min. During torrefaction, N2 gas with a flow rate of 
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40 mL/min was used. Mass loss was calculated. The torrefied white birch samples were 
pyrolyzed by microwave heating at 260 
o
C with 300 W power.  
 
3.2.2.3. Conventional pyrolysis 
 
Conventional pyrolysis experiments were performed in a similar way as described 
in a previous study [12]. Briefly, white birch samples [~ 0.50 mg] were placed in a 
sample cup, then dropped into a quartz tube vertical micro-furnace pyrolyzer PY-2020D 
(Frontier laboratories Ltd., Yoriyama, Japan), coupled to a HP 5890 II gas 
chromatograph/HP 5971A mass selective detector (MSD) (Hewlett Packard, Palo Alto, 
CA, USA) with a ChemStation Data system. Four temperature ranges were used; 80-250 
o
C, 80-325 
o
C, 80-400 
o
C, and 80-475 
o
C with the temperature ramp times between 2 and 
3.5 min (similar to microwave pyrolysis). The temperature of the pyrolysis transfer line 
was 250 
o
C. The MSD was operated under the following conditions: electron ionization 
energy, 70 eV; scan range, 40-550 m/z; the mass spectrometer interface temperature were 
maintained at 250 
o
C. The GC instrument was equipped with a split/splitless injector and 
an electronic pressure control (EPC). The GC injector temperature was set at 250 
o
C. A 
Zebron TM ZB-1701GC capillary column (30 m × 0.25 mm i.d. × 0.25 µm film 
thickness) (Phenomenex Inc., USA) was used. The temperature of the GC oven was held 
at 35 
o
C for 6 min to trap and focus the volatile components, then increased to 240 
o
C at 6 
o
C/min and held for 4 min. Helium was used as a carrier gas and the GC column was 
operated at a head pressure of 15 psi with a split flow of 40 mL/min. The identification of 
GC/MS peaks was mainly based on comparison with the spectra of the NIST spectrum 
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library but also using mass spectra obtained from the pyrolysis literature. Py-GC/MS of 
torrefied white birch was investigated using the same procedure above but only at a 
ramping temperature of 80-475 
o
C. 
 
3.2.2.4. Analysis of microwave pyrolysis bio-oil 
Whole bio-oil samples without solvent dilution (small samples removed from the 
walls of microwave tube) were analyzed using the same pyrolysis-GC/MS device and 
conditions described in section 3.2.2.3 whereby 1.5 mg of oil was placed inside a sample 
cup and dropped into a 250 
o
C microfurnace. 
 
3.3. Results and discussion 
3.3.1. Microwave pyrolysis  
3.3.1.1.  Microwave pyrolysis of white birch and its model components 
Comparison of microwave pyrolysis of white birch, cellulose, and xylan was best 
achieved at 260 
o
C and maximum microwave power of 300 W while hardwood lignin 
was pyrolyzed at 280 
o
C as yields of lignin bio-oil were low. A temperature of 260 
o
C 
was also adopted as in previous work involving the microwave pyrolysis of cellulose 
[12]. Figure 3.1 indicates that microwave pyrolysis of white birch produced much lower 
amount of bio-oil product (17%) compared to cellulose (44%) and xylan (47%). 
Significantly more gaseous product was produced from the white birch sample, (27% 
gas) for white birch versus only 4% for lignin. Among the macromolecular components 
lignin gave the lowest yield of bio-oil at 5% while giving the highest amount of bio-char 
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product (>90%). Similar thermochemical behavior of lignin to produce large amounts of 
bio-char products has also been observed by Zhang et al. [26]. The lower bio-oil yield 
from white birch compared to cellulose and xylan may be due to presence of lignin in 
white birch wood wherein lignin decomposes at higher temperature starting from 280 
o
C 
and it gives higher biochar yield than cellulose [27]. 
 
 
 
Figure 3.1: Product yields from microwave pyrolysis of white birch and its model 
components. Set temperature for microwave pyrolysis of white birch, cellulose, and xylan 
was 260 
o
C and 280 
o
C for lignin. Error bars are based upon triplicate analysis. 
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3.3.1.2. Effect of temperature  
 
Pyrolysis temperature of biomass has an important effect on product yields [26]. 
Microwave pyrolysis of white birch was performed at temperatures of 220, 260, and 300 
o
C. With increasing temperature, bio-oil yield increased from 10% to 20% while biochar 
decreased from 73% to 49% as shown in Figure 3.2.With increasing temperature there 
was also an increase in the amount of gases produced. In a previous study, the bio-oil 
yield increased from 1% to 30% with increasing temperature of microwave pyrolysis of 
willow chips from 200
 o
C to 300 
o
C [5]. Maximum change in bio-oil yield (7%) occurred 
between 220 to 260 
o
C (Figure 3.2), therefore 260 
o
C was chosen for more detailed 
microwave pyrolysis  experiments of white birch i.e.,  addition of microwave absorbers 
and a study of  the pyrolysis of torrefied white birch.  
 
Figure 3.2: Effect of microwave pyrolysis temperature on product yield from white 
birch. Error bars are based upon triplicate analysis. 
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3.3.1.3. Effect of microwave absorber  
 
Microwave absorbers have been used in previous studies to improve microwave 
absorption [28]. In the present study, microwave pyrolysis of white birch with microwave 
absorbers, water and activated carbon, was carried out at 260 
o
C with 300 W power in the 
open microwave system. Both water and activated carbon showed a significant effect on 
product yields as shown in Figure 3.3. Adding water significantly increased the bio-oil 
yield (32%) while activated carbon increased the gas yield (41%) and to a lesser extent 
the yield of bio-oil (23%). Water as a polar medium has the ability to absorb microwave 
irradiation, and dipole reorientation of the water molecules occurs and the friction 
between these molecules leads to increased heating within the sample [29]. Activated 
carbon works as a microwave absorber and pyrolysis catalyst [30].  
76 
 
 
Figure 3.3:  Effect of microwave absorber on product yield of white birch. Experiments 
were performed at 260 
o
C. AC= activated carbon. Error bars are based upon triplicate 
analysis. 
3.3.1.4. Effect of pre-torrefaction treatment  on microwave pyrolysis of white birch  
 
White birch samples were torrefied at 220, 250, and 280 
o
C. Depending on the 
colour change, three conversion levels of white birch can be seen, which are: high 
(black), medium (brown), and low conversion (light brown), as shown in Figure 3.4. 
With increasing torrefaction temperature, the sample color became darker and the 
torrefaction yield decreased as shown in the mass losses as summarized in Table 3.1.  
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Figure 3.4: Effect of torrefaction temperature on colour of product.  
Vials L to R: no torrefaction, 220 
o
C, 250 oC and 280 oC. 
 
Table 3.1:  Mass loss of white birch samples by torrefaction at different temperatures. 
Temperature ( 
o
C) Mass loss % 
220 9±1 
250 21±1 
280 33± 1 
 
Microwave pyrolysis experiments with the three samples of torrefied white birch 
were carried out at 260 
o
C in order to compare the changes in microwave pyrolysis yields 
as the result of torrefaction pre-treatment. Torrefaction temperature had a significant 
effect on product yields. With increasing temperature, the bio-oil yield decreased from 
15% to 9% and biochar yields steadily increased from 74% to 84% while untreated white 
birch gave lower biochar yield (56%) and slightly higher bio-oil yield (17%) (Figure 3.5). 
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In a previous study, torrefaction of Douglas fir sawdust pellets was carried out using a 
microwave at temperatures of 240-310 
o
C for 8-22 min. The torrefied pellets were then 
also pyrolyzed at high temperature (480 
o
C) for 15 min [31]. In that work, torrefaction 
reduced the bio-oil yield to 32% compared to 53% from untorrefied feedstock and 
reduced the amount of organic acids such as acetic and formic acid.  In another study, 
torrefaction of hardwood and switchgrass pellets was carried out at temperatures of 230-
300 
o
C for 0.5-1.5 h, and then fast pyrolyzed in a bench scale fluidized bed pyrolyzer at 
500 
o
C [32]. The results of the study indicated that torrefaction increased energy content 
of the bio-oil produced and that the amount of acetic acid and the bio-oil yield (71% bio-
oil from untorrefied hard pellets vs 16% from torrefied hard pellets) decreased with using 
torrefaction. In contrast to these studies, the present study combined for the first time, 
conventional heating for torrefaction of white birch at low temperature (220-280 
o
C), 
followed by microwave pyrolysis of torrefied white birch at low temperature (260 
o
C). 
3.3.1.5. Analysis of bio-oil from microwave pyrolysis 
Examination of the components of bio-oil from microwave pyrolysis of white 
birch, cellulose, xylan, lignin, and torrefied white birch were carried out to compare 
which macromolecular components of white birch wood contributed to the produced bio-
oil and to observe changes in bio-oil composition after torrefaction. Figure 3.6 reveals 
that the bio-oil from white birch consists of acetic acid (2), guaiacols such as 4-
methylguaiacol (20) and 4-vinylguaiacol (25), and syringols such as 2,6-
dimethoxyphenol (27) and 2,6-dimethoxy-4-methylphenol (30) and many other 
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compounds. The absence of a levoglucosan (37) peak is surprising since 40% of wood is 
cellulosic. 
 
 
Figure 3.5: Effect of torrefaction temperature on product yield of microwave 
pyrolysis of torrefied white birch. Pyrolysis experiments were run at 260 
o
C. Error bars 
are based upon triplicate analysis. 
However it  may be due to the low microwave power (300 W), and shorter 
pyrolysis time (3.5 min) used in this study compared to other studies [33, 34, 35] which 
used much higher power (1200 W) and longer reaction times (10 min). Small amounts of 
pyrolysis products (4), (10), (16) associated with the woods hemicellulose component 
xylan nevertheless were evident in the chromatograms (Figure 3.6).  
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The bio-oil from microwave pyrolysis of cellulose includes compounds with high 
abundance such as hydroxypropanone (3), 5,6-dihydro-2H-pyran-2-one (15), 5-
hydroxymethyl-2-furaldehyde (28), and levoglucosan (37). The bio-oil from xylan is rich 
in 6-hydroxy-2H-pyran-3(6H)-one (16) and 1,4-anhydroxylofuranose (32). Lignin gave 
mainly syringol (e.g. 2,6-dimethoxy-4-methylphenol (31), 4-allyl-2,6-dimethoxyphenol 
(35) and syringaldehyde (38)) and guaiacol (e.g. guaiacol (14), 4-ethylguaiacol (23) and 
4-methylguaiacol (20)) compounds.  
The composition of bio-oil from white birch was significantly changed by 
torrefaction pre-treatment notably with increasing torrefaction temperature. Increasing 
torrefaction temperature results in many lignin bio-oil components but with decreasing 
abundance. As expected, the organic acids, acetic (2) and formic acid (1), were 
essentially removed, likely the result of de-acetylation of the acetyl and formyl groups 
present in xylan during torrefaction. Moreover, torrefaction enhanced production of 4-
oxo-5-methoxy-2-penten-5-olide (6) (chemical structure in Figure 3.7) and 2-furaldehyde 
(4).  2-Furaldehyde is a common dehydration product of pentose sugars (i.e., xylose from 
xylans) and its increased abundance the result of thermal conversion by torrefaction. 
Product 6 is an important compound in medicine and was found to be present in honey 
[36]. 
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Figure 3.6: GC/MS TIC of bio-oils from microwave pyrolysis of white birch (260 
o
C), 
cellulose (260 
o
C), xylan (260 
o
C), and lignin (280 
o
C). The identity of the peaks can be 
found in Table 1.  
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Figure 3.7: GC/MS TIC of bio-oil from microwave pyrolysis (260 
o
C) of torrefied white 
birch at different torrefaction temperatures. The identity of the peaks can be found in 
Table 1. 
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Table 3.2: Compounds identified in bio-oil isolated from microwave pyrolysis of white 
birch and torrefied white birch and identified in TIC of  Py-GC/MS. 
Peak no
a
 Compound M. wt. 
1 Formic acid 46.03 
2 Acetic acid 60.05 
3 Hydroxypropanone 74.08 
4 2-Furaldehyde 96.08 
5 3-Furaldehyde 96.08 
6 4-Oxo-5-methoxy-2-penten-5-olide 142.11 
7 3-Furanmethanol 98.10 
8 5-Methyl-2-furancarboxaldehyde  110.11 
9 2(5H)-furanone 84.02 
10 4-Hydroxy-5,6-dihydro-(2H)-pyran-2-one 114.10 
11 2,5-Furandione, 3-methyl-  112.08 
12 2-Acetylfuran 110.11 
13 2-Hydroxy-3-methyl-2-cyclopenten-1-one  112.13 
14 Guaiacol 124.14 
15 5,6-dihydro-2H-pyran-2-one  98.10 
16 6-Hydroxy-2H-pyran-3(6H)-one 114.10 
17 2,6-Dimethyl phenol 122.16 
18 5-Hydroxymethyl-2-furaldehyde 126.11 
19 3-Methyl-γ-butyrolactone 100.12 
20 4-Methylguaiacol 138.17 
21 Levoglucosenone 126.11 
22 5-Hydroxymethyl-2-tetrahydrofuraldehyde-3-one 144.13 
23 4-Ethylguaiacol 152.19 
24 1,4:3,6-Dianhydro-α-d-glucopyranose 144.13 
25 4-Vinylguaiacol 150.17 
26 Trans isoeugenoul 164.20 
27 2,6-Dimethoxyphenol 154.16 
28 5-Hydroxymethyl-2-furaldehyde 126.11 
29 Ethylpyrogallol 154.16 
30 Eugenol 164.20 
31 2,6-Dimethoxy-4-methylphenol 168.19 
32 1,4-Anhydroxylofuranose 132.12 
33 4-Ethyl-2,6-dimethoxyphenol 182.22 
34 2,6-Dimethoxy-4-vinylphenol 180.20 
35 4-Allyl-2,6-dimethoxyphenol 194.23 
 36 2,6-Dimethoxy-4-propenylphenol 196.23 
 37 Levoglucosan 162.14 
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Table 3.2 contd. 
38 Syringaldehyde 182.17 
39 Acetosyringone 196.19 
40 Cis coniferyl alcohol 180.20 
41 Trans coniferaldehyde 178.18 
42 Syringylacetone 210.23 
43 3-(3,5-Dimethoxy-4-hydroxyphenyl)-3-oxopropanal 224.21 
44 Cis sinapyl alcohol 210.23 
45 Sinapyl aldehyde 208.21 
      a
 Peak no. related to chromatographic peaks in Figures 3.6-3.8. 
 
3.3.2. Py-GC/MS of white birch and torrefied white birch  
For comparison with microwave pyrolysis of white birch, pyrolysis 
(micorfurnace)-GC/MS was used to simulate conventional pyrolysis. To match the 
microwave pyrolysis final temperature and its temperature ramp (~3 min), different 
ramping temperatures of 80-250, 80-325, 80-400, and 80-475 
o
C were used resulting in 
ramp times of 1.5, 2.0, 2.5, and 3.5 min, respectively. Because a pyrolysis sample cup 
was used, the mass of residue remaining after pyrolysis could be measured. The results 
indicate that the pyrolysis of white birch was successful at temperature at 325 
o
C or 
higher, as shown in Figure 3.8B. It was noted that pre-torrefaction (at 250 
o
C) of white 
birch followed by Py-GC/MS did not affect qualitative product distribution (Figure 3.8A) 
compared to non-torrefied white birch. However, torrefied white birch produced higher 
amounts of levoglucosan (37), an important compound obtained from pyrolysis of wood. 
Bio-oil from conventional pyrolysis of both white birch and torrefied white birch 
consisted mainly of ketones, guaciacols, syringols, and anhydrosugars (Figure 3.8 and 
Table 3.2). The amount of biochar remaining in the sample cup after Py-GC/MS for 
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white birch at 250, 325, 400, and 475 
o
C were 96, 66, 20, and 12%, respectively. The 
biochar yield from Py-GCMS of torrefied white birch (torrefaction at 250 
o
C) at 475 
o
C 
was 17%. In terms of bio-oil components, the difference and the similarities among 
microwave pyrolysis and Py-GC/MS of white birch and torrefied white birch are 
summarized in Table 3.3. The compounds 20, 25, 27, 31, 35 and 38 were seen in all four 
samples. Compound 2 was unique for MP of WB while compounds 14 and 23 were 
unique of MP of TWB. The compounds 40, 41 and 44 were only seen in Py-GC/MS of 
WB. 
In term of yield of pyrolysis products, MP of WB with/without catalyst or 
torrefaction treatment gave bio-oil yield in range of 9-17% at low temperature (260 
o
C) 
while  Py-GC/MS of WB required higher temperature starting from 325 
o
C to produce 
biochar (66%) and bio-oil + gas (34%) as listed in Table 3.4. 
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Figure 3.8: Py-GC/MS TIC of (A) torrefied white birch (TWB) and (B) white birch 
(WB) at different pyrolysis temperatures and Tramp. 
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 Table 3.3: Comparison of compounds identified among bio-oils produced from 
microwave pyrolysis (MP) and Py-GC/MS of white birch (WB) and torrefied white birch 
(TWB). 
No.
a 
 
MP of WB MP of TWB Py-GC/MS of WB Py-GC/MS of TWB 
1     
2 √    
3     
4 √ √   
5     
6 √ √   
7     
8     
9     
10   √ √ 
11     
12     
13     
14  √   
15     
16     
17     
18     
19     
20 √ √ √ √ 
21     
22     
23  √   
24     
25 √ √ √ √ 
26     
27 √ √ √ √ 
28     
29     
30 √  √ √ 
31 √ √ √ √ 
32     
33 √ √   
34   √ √ 
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35 √ √ √ √ 
36   √ √ 
37   √ √ 
38 √ √ √ √ 
39 √  √ √ 
40   √  
41   √  
42 √  √ √ 
43     
44   √  
45   √ √ 
a
 Peak no. related to chromatographic peaks in Figures 3.6-3.8. 
 
 
Table 3.4: Composition of products from pyrolysis of WB using MP at 260 
o
C and using 
Py-GC/MS at different temperatures. 
 Biochar% Bio-oil% Gas% 
MP 55 17 27 
MP  +H2O 37 32 31 
MP + AC 38 21 41 
MP torrefied, 220 
o
C 
                       250 
o
C 
                       280 
o
C 
74 15 11 
78 13 9 
84 9 7 
Py-GC/MS of WB, 80-475 
o
C 
                                80-400 
o
C 
                                80-325 
o
C 
                                80-250 
o
C 
12 
20 
66 
96 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
N/A 
Py-GC/MS of TWB 80-475 
o
C 17 N/A N/A 
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3.4. Conclusions 
Microwave pyrolysis is a promising route for chemicals and fuel production from 
wood. Microwave pyrolysis of wood can be achieved at low temperature (<300 
o
C). The 
yields of pyrolysis products were significantly influenced by pyrolysis temperature, 
torrefaction pre-treatment and microwave absorbers. Microwave pyrolysis of white birch 
produced lower bio-oil yield compared to cellulose and xylan while lignin required 
higher temperature (280 
o
C) to produce the smallest amount of bio-oil (4%). Torrefaction 
upgraded the pyrolysis products from microwave pyrolysis of torrefied white birch, 
enhanced the production of 4-oxo-5-methoxy-2-penten-5-olide and 2-furaldehyde and 
lowered the amounts of organic acids in the bio-oil. Microwave pyrolysis of white birch 
was an effective method to produce bio-oil (17%) at low temperature 260 (
o
C) while Py-
GC/MS required higher temperature (T ≥ 325 oC) to start seeing pyrolysis products. In 
contrast to microwave pyrolysis of torrefied white birch, Py-GC/MS did not show any 
significant differences in bio-oil composition except for an increase in levoglucosan. The 
bio-oil from microwave pyrolysis of white birch can be an important source of guaiacols 
and syringols.   
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4.1. Conclusions 
Microwave pyrolysis of lignocellulosic materials including white birch wood and 
its main components (cellulose, xylan, and lignin) was successfully achieved at low 
temperature (200-300 
o
C) and low microwave power (300 W). Product distribution and 
product yields were significantly affected by several parameters, including feedstock 
type, pyrolysis temperature, degree of crystallinity, and torrefaction pre-treatment of 
feedstock. A temperature of 260 
o
C was reported as the most suitable temperature to 
obtain maximum bio-oil yields from microwave pyrolysis of cellulose. Cellulose 
crystallinity has a significant influence on anydrosugar (levoglucosan) production 
whereby amorphous cellulose produces a much larger amount of levoglucosan than 
microsytalline cellulose. Compared to white birch wood, microwave pyrolysis of 
cellulose and xylan produced significantly higher yields of bio-oil (at 260 
o
C), possibly 
indicating the influence of structural lignin in wood in reducing bio-oil production. The 
use of microwave absorbers improved the dielectric properties of lignocellosic materials 
which influenced the rate of pyrolysis. Addition of water improved the production of bio-
oil by as much as 25 % while activated carbon increased gaseous products at the expense 
of the bio-oil while still producing more bio-oil than white birch alone. Torrefaction was 
found to be an effective thermal pre-treatment to improve the quality of bio-oil products 
(lower acidity) from the microwave pyrolysis of torrefied white birch while it did not 
show any influence on Py-GC/MS products. Cellulose and xylan are important sources of 
acetic acid, furans, aldehydes, ketones, and anhydrosugars while lignin produced acetic 
acid, guaiacols and syringols. Microwave pyrolysis of white birch mainly produced acetic 
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acid, guaiacols and syringols and products very similar to those from lignin. 
Conventional pyrolysis using Py-GC/MS required at least a temperature of 325 
o
C in 
order to observe pyrolysis products. Therefore, low temperature microwave pyrolysis can 
be used an alternative thermoconversion process which requires lower energy, can 
produce important by-product chemicals and can be achieved under safe and more 
controlled conditions. 
4.2. Future work 
Microwave pyrolysis which was used in this work and in other studies has been 
reported to be an attractive and useful method to convert biomass into valuable products 
owing to its previously discussed advantages. The present study can be described as only 
small-scale in the field of microwave pyrolysis of biomass. Therefore, more work needs 
to be performed to achieve further progress in this research. The following need to be 
evaluated: 
(a) Effect of particle size: It is an important factor in microwave pyrolysis that has a clear 
influence on pyrolysis products [1]. In conventional pyrolysis of the agricultural residues 
(e.g. olive husk), heating rates increased with increasing temperature and using small 
particle size feedstock. Larger particle size increased the biochar yield [2]. Moreover, a 
smaller particle size has higher surface area which may improve microwave heat transfer 
[3]. 
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(b) Effect of microwave power: Using a microwave machine supported with large-scale 
microwave power such as the MARS microwave system (1600 W) gives the researcher 
an ability to investigate the influence of microwave power on temperature profiles and 
bio-oil yields. In general, using higher microwave power helps one to reach higher 
temperatures at a faster rate which more closely resembles “fast” pyrolysis [4]. 
(c) Effect of stirring: Stirring of solid (powdered) sample during microwave pyrolysis 
helps to improve microwave energy distribution and obtain homogenous heating. For 
example, a Rotative Solid-Phase Microwave Reactor includes a rotative borosilicate glass 
vessel (2L size). This reactor gives researchers the ability to use larger amounts of sample 
(e.g. 150 g). Using a Rotative Solid-Phase Microwave Reactor, the effect of stirring rate 
on product yield from microwave pyrolysis of lignocellulsic materials could be examined 
[5]. 
(d) Microwave absorber and catalysts: Catalysts such as K2Cr2O7 and CuSO4 salts may 
enhance anhydrosugar (levoglucosan) production [6]. Ionic liquids such as 1-butyl-3-
methylimidazolium chloride and 1-butyl-3-methylimidazolium tetrafluoroborate can also 
be used to study catalytic and adsorber effects on bio-oil yield from lignocellulosic 
materials [7]. Finally, the biochar which was produced from microwave pyrolysis of 
cellulose and white birch in our study can itself be used as a microwave absorber.  
(e) Ash content in lignocellulosic materials: The effect of ash content on pyrolysis should 
be investigated by comparison of microwave pyrolysis of lignocellulosic materials that 
produce high ash content (e.g. grass and agricultural residues) and materials with low ash 
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content such as wood. The negative impact of high ash content and decreasing bio-oil 
production has been suggested to proceed via catalyzed reactions which enhance gas and 
water formation [8]. 
(f) Biochar analysis: The produced biochar from microwave pyrolysis of wood and its 
components should be further analyzed using Fourier transform infrared spectroscopy. 
The effect of pyrolysis temperature on chemical structure of biochar should also be 
investigated [9]. Moreover, use of biochar in agriculture and its properties such as cation 
exchange capacity and surface area can be studied [10]. 
(g) Pyrolysis at constant temperature: Microwave pyrolysis at a constant temperature 
with different exposure times could be investigated. In addition, conventional pyrolysis 
using Py-GC/MS at similar conditions could be used for comparison. 
(h) Microwave pyrolysis of simulated wood: Simulated wood could be studied using 
homogenous mixtures of cellulose, lignin, and hemicellulose with ratios similar to those 
in wood or using different ratios of components. These studies will help our 
understanding of the interaction between wood components and their influences of 
pyrolysis processes of lignocellulosic materials [11]. 
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